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*4-;  I ■ ■ ES  - L’hi  fi rst  cellular  c ffer lam,  con- 

struct* i sheet  steel  piling,  was  built  in  1909*  The  cellular  sheet  pile 
■ nstructi  n techniqm  Is  sti  most  commonly  used  for  cofferdams.  Other 
applications  are  fixed  crest  damr  and  weirs,  navigation  lock  wall:'.,  moe ring 
cells,  retaining  walls,  and  substructures  for  concrete  gravity  superstruc- 
tures. The  most  common  configurations  for  cellular  sheet  pile  structures 

are  circular  cell,  diaphragm,  and  cloverleaf.  The  circular 11  type  is 

preferred  for  construction  in  river  currents.  I in:  >•  cells  are 

economical  for  moderate  height  structures  in  still  water.  Where  there  is 
no  room  for  stability  berms  and  large  cells  are  needed  for  stability,  the 
cloverleaf  configuration  is  practical.  gJThree  major  considerations  in  the 
design  of  these  structures  are:  (a)  r<®stance  of  sheet  piling  and  con- 

nectors to  all  internally  applied  loads  \om  the  cell  fill  (including 
hydrostatic  forces),  (b)  cell  stability  under  all  loading  conditions, 
considering  all  possible  modes  of  failure,  and  (c)  control  of  seepage 
quantity,  seepage  forces,  and  erosive  currents.  This  paper  further  dis- 
cusses the  theory  and  practice  of  structural  design,  evaluates  available 
computer  programs,  and  makes  recommendations  for  the  development  of  future 
programs . 


PREFACE 


In  December  197**,  the  Automatic  Data  Processing  (ADP)  Center, 

U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES),  submitted  a 
proposal  to  conduct  a Corps-wide  Conference  on  Computer-Aided  Design  in 
Structural  Engineering  to  the  Office,  Chief  of  Engineers  (OCE).  OCE 
approved  the  proposal  and  efforts  were  started  in  February  1975  to 
conduct  this  Conference.  The  Conference  was  conducted  in  New  Orleans, 
Louisiana,  22-26  September  1975  and  was  attended  by  175  engineers  from 
1*8  Corps  field  offices,  OCE,  Construction  Engineering  Research  Labora- 
tory, and  WES. 

This  volume  contains  the  papers  from  Specialty  Session  D,  State- 
of-the-Corps  Art  on  Pile  Foundations  and  Sheet  Pile  Cells.  Mr.  Herman 
Gray,  Chief,  Design  Branch,  ORNED-D,  Nashville  District,  was  session 
chairman  and  presented  a paper.  Other  papers  were  presented  by 
Thomas  J.  Mudd,  Structural  Engineer,  LMSED-DA,  St.  Louis  District; 

Mr.  Billy  H.  James,  Structural  Engineer,  3WDED-TS,  Southwestern  Division 
and  Thurman  Gaddie,  Chief,  Design  Branch,  Nashville  District. 

The  Conference  was  successful  due  to  the  efforts  of  a multitude 
of  people.  The  roles  they  played  were  different  but  they  were  all 
directed  toward  making  a concept  on  "instant  dissemination"  work.  The 
Organizing  Committee  for  the  Conference  consisted  of: 

COL  G.  H.  Hilt,  WES 
Mr.  F.  R.  Brown,  WES 
Mr.  D.  L.  Neumann,  WES 
Mr.  J.  B.  Cheek,  Jr.,  WES 

Dr.  N.  Radhakr ishnan,  WES — Conference  Coordinator 

Mr.  W.  A.  Price,  WES 

Mr.  G.  S.  Hyde,  WES 

Mr.  D.  R.  Dressier,  LMVD 

Mr.  W.  B.  Dodd,  LMNDE 

Ms.  E.  Smith,  LMNDE 

Mr.  L.  H.  Manson,  IUNDE 

An  OCE  Coordinating  Committee  also  worked  enthusiastically  to 


ensure  the  success  of  the  Conference.  This  Committee  consisted  of: 

Mr.  C.  F.  Corns 

Mr.  R.  L.  Delyea 

Mr.  R.  F.  Malm,  OCE  Coordinator 

Mr.  L.  G.  Guthrie 

Mr.  D.  B.  Baldwin 

Mr.  R.  A.  McMurrer 

The  U.  S.  Army  Engineer  District,  New  Orleans,  did  a remarkable 
job  in  playing  host  to  the  Conference. 

There  were  13  Division  speakers,  25  moderators,  two  invited 
speakers,  four  technical  speakers,  and  ten  session  chairmen,  who  shared 
the  technical  load  of  the  Conference.  Also,  eight  computer  vendors 
showed  their  ware  to  the  participants. 

The  editor  would  like  to  thank  all  the  individuals  who  served  on 
the  committees  and  the  speakers  and  the  moderators  for  sharing  their 
time  and  thoughts.  Without  them  the  Conference  would  not  have  been  the 
success  it  was.  Mr.  Dressier,  LMVD,  and  Mr.  Price,  WES,  are  specially 
thanked  for  their  technical  guidance  and  assistance. 

This  report  was  edited  by  Dr.  N.  Radhakrishnan , Research  Civil 
Engineer,  Computer  Analysis  Branch  (CAB)  and  Special  Technical  Assis- 
tant, ADP  Center,  under  the  direct  supervision  of  Mr.  J.  B.  Cheek,  Jr., 
Chief,  CAB,  ADP  Center,  and  the  general  supervision  of  Mr.  D.  L. 
Neumann,  Chief,  ADP  Center. 

The  Director  of  WES  during  the  Conference  and  the  preparation 
of  this  report  was  COL  G.  H.  Hilt,  CE.  Mr.  F.  R.  Brown  was  Technical 
Director. 
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DESIGN  OF  PILE  FOUNDATIONS 


by 

Billy  H.  James* 

Thomas  J.  Mudd** 

Purpose 

The  purpose  of  this  paper  is  to  present  the  state  of  the  art  con- 
cerning the  design  of  pile  foundations.  Topics  presented  include  the 
design  philosophy,  approximate  and  more  exact  design  methods,  and  the 
computer-aided  design  techniques  used  in  the  Corps  of  Engineer  (CE), 
other  Government  agencies,  and  private  industry.  Various  computer  pro- 
grams are  discussed  along  with  the  shortcomings  of  each  program.  The 
preferred  design  methods  are  selected  with  consideration  given  to  the 
complexity  of  structures  designed.  Input  received  from  the  discussion 
sessions  is  reflected  in  the  selections.  Recommendations  are  also  given 
regarding  the  modification  of  available  programs  and  their  standardiza- 
tion for  Corps-wide  use. 


General 


Pile  foundation  design  has  advanced  greatly  since  the  1950's  in 
the  fields  of  soil  mechanics  and  structural  engineering.  Previously, 
the  methods  of  design  were  mainly  simple  analytical  or  graphical  solu- 
tions. These  have  proven  to  be  adequate  for  the  design  of  minor  struc- 
tures such  as  bridge  abutments,  retaining  wall^,  and  similar  structures. 
However,  these  approximate  methods  are  considered  inadequate  for  the 
design  of  battered  pile  foundations  for  larger,  horizontally  loaded, 
structures.  Approximate  methods  are  inadequate  because  of  the  ne- 
glected effects  of  structure  rotations,  the  lateral  resistances  of 
piles,  and  three-dimensional  loads  and  behaviors.  Also,  the  approximate 

* Structural  Engineeer,  Southwestern  Division  (SWD). 

**  Structural  Engineer,  St.  Louis  District,  Lower  Mississippi  Valley 
Division  (LMVD). 
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design  methods  provide  no  check  on  the  deflections  and  combined  axial 
and  bending  pile  stresses.  Hence,  the  most  efficient  and  economical 
pile  foundation  will  not  be  developed.  More  accurate  methods  have  been 
developed  which  perform  two-  and  three-dimensional  methematical  anal- 
yses of  the  structure- foundation  system.  Although  the  mathematics  re- 
quired to  overcome  the  shortcomings  of  the  graphical  methods  is  complex, 
the  analysis  is  easily  solved  by  the  electronic  computer.  Therefore, 
the  computer  has  played  a significant  role  in  the  advancement  of  pile 
foundation  design  techniques. 

Design  Philosophy 

Foundation  piles  are  supporting  structural  members  which  transfer 
loads  from  the  structure  to  the  subsoil.  Adequate  design  will  ensure 
that  excessive  deflections  and  stresses  in  the  "structure-pile-soil 
system"  will  not  occur.  The  current  design  practice  within  the  Corps, 
other  government  agencies,  and  outside  industry  is  to  analyze  the 
"structure-pile  system”  and  the  "soil-pile  system"  separately,  ignoring 
the  nonlinear  interaction  between  the  two  systems  and  contact  pressures 
between  the  structure  and  soil.  The  "structure-pile  system"  is 
analyzed  with  applied  loads  to  determine  the  resisting  pile  loads.  The 
distribution  of  the  loads  to  the  individual  piles  is  dependent  on  the 
amount  of  vertical  and  horizontal  movements  of  the  structure  base. 

These  movements  should  include  both  translation  and  rotational  effects. 
Such  movements  are  a function  of  (a)  structure  rigidity,  (b)  physical 
property  of  piles,  (c)  pile  head  fixity,  and  (d)  resistance  of  soil  to 
horizontal  and  vertical  movements  of  the  pile.  The  various  methods 
used  to  determine  the  distribution  of  loads  to  the  piles  are  given  in 
subsequent  paragraphs.  These  include  the  approximate  methods,  direct 
stiffness  method-rigid  base,  and  finite  element  techniques. 

Approximate  methods 

Several  approximate  methods  have  been  used  in  the  past  to  deter- 
mine pile  loads.  These  methods  ignore  the  lateral  capacity  of  the 
piles,  three-dimensional  effects,  pile  head  fixity,  and  rotational 
resistances  of  the  pile  group. 
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The  moment  of  inertia  method  is  used  for  the  design  of  foundations 
containing  only  vertical  piles;  it  is  considered  acceptable  if  its  lim- 
itations are  recognized.  The  applied  load  may  be  eccentric  about  two 
axes.  Individual  pile  loads  are  calculated  by  equations  1 and  2. 
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v 


it  e c 

- + V + V 

n — I — 


e c 

J.J. 
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He  c 
H 
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(2) 


where 

= axial  load  on  pile 
= horizontal  load  on  pile 
= vertical  component  of  applied  load 
= horizontal  component  of  applied  load 
= number  of  piles  in  footing 

= distance  from  applied  load  to  y-y  and  x-x  axes  through 
center  of  gravity  of  pile  group 

= moment  of  inertia  of  pile  group  about  x-x  and  y-y  axes. 
Each  pile  is  considered  to  have  a value  of  unity 

= polar  distance  from  horizontal  component  of  resultant 
to  center  of  gravity  of  pile  group 

= polar  distance  from  any  pile  to  center  of  gravity  of 
pile  group 

= polar  moment  of  inertia  of  pile  group  about  center  of 
gravity 

For  battered  pile  foundations  the  Culman  graphical  method  is 
often  used:  the  method  is  illustrated  in  Figure  1.  Note  that  the  solu- 

tion is  dependent  on  the  geometry  and  disregards  the  lateral  pile  re- 
sistance rotational  effects  and  pile  head  fixity.  Anderson"1  developed 
the  center-of-rotation  graphical  method  which  reflects  the  unequal 
distribution  of  pile  loads  caused  by  rotation  on  battered  pile  founda- 
tions. However,  assumptions  made  require  the  piles  to  be  hinged 
at  cap  and  have  no  lateral  resistances.  These  approximate  methods 
should  be  applied  only  to  simple  two-dimensional  structures  with 
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Figure  1.  Culman  graphical  method 

2 

lateral  loads  less  than  one-fifth  the  vertical  load. 

Direct  stiffness  method- 

elastic  piles  with  rigid  structure 

The  graphical  methods  discussed  above  consider  the  piles  to  have 
only  axial  resistances,  whereas  the  piles  usually  have  significant  lat- 
eral resistances.  In  1950,  A.  Hrennikoff  published  a workable  planar 
analysis  for  the  design  of  battered  piles.  The  procedure,  which  ac- 
counts for  monolith  rotations  and  lateral  pile  resistances,  stands  as  a 
notable  contribution  to  pile  foundation  design.  The  analysis  is  based 
on  the  following  assumptions: 

a.  Absolutely  rigid  pile  cap. 

b.  Each  pile  load  is  proportional  to  pile  head  displacement. 
c_.  Load-deformation  relationships  the  same  for  all  piles. 

d_.  Problem  is  restricted  to  planar  or  two-dimensional  analysis, 
e.  Footing  movements  are  small. 

Aschenbrenner^  extended  the  solution  from  two  to  three  dimensions. 

1* 

Saul  later  used  matrix  formulation  and  refined  the  Hrennikoff  analysis 
to  reflect  the  lateral,  flexural,  torsional,  and  axial  stiffnesses  of 
the  piles  and  to  permit  any  position  and  batter  of  piles,  piles  of 
different  sizes,  materials,  and  conditions  in  the  same  foundation.  Of 
the  numerous  methods  presented,  this  method  appears  to  be  the  most 
general.  The  designer  should  be  familiar  with  matrix  methods,  structure 
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soil-pile  interactions , and  the  use  of  the  electronic  computer,  which  is 
required  to  perforin  the  computations.  This  method  is  an  exact  numerical 
analysis  for  the  assumed  soil-pile  model. 

A generalized  model  of  the  structure-pile  system  can  be  described 
as  a rigid  body  supported  by  sets  of  springs,  which  represent  the  actions 
of  the  pile  forces  on  the  structure  when  the  structure  is  given  unit 
displacements.  An  example  is  the  simplified  planar  model,  as  shown  in 
Figure  2.  It  is  assumed  that  the  pile  head  loading  for  any  single  pile 


Figure  2.  Simplified  planar  model 

in  a batter  group  may  be  resolved  into  a combination  of  axial  load, 
bending  moment,  shear,  and  torque.  Also,  each  of  these  components  can 
be  represented  by  a proper  spring  constant  and  results  added  veetorially 
to  obtain  the  total  movement  of  the  pile  head.  This  method  only  con- 
siders the  effect  the  piles  have  on  the  pile  cap  at  the  top  of  the  pile. 
Fach  pile  can  therefore  be  replaced  by  the  proper  elastic  spring  re- 
straints at  the  pile  cap.  The  forces  and  displacements  along  the  pile 
axis  are  shown  in  Figure  3,  in  which  axes  1 and  2 are  principal  axes  of 
inertia  and  axes  3 coincides  with  the  longitudinal  axis  of  the  piling. 
The  pile  forces  can  be  equated  to  the  pile  displacements,  x.  , by  the 
expression 
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a.  Generalized 
forces 


b.  Generalized 
displacements 


Figure  3.  Piles 

where  b.  is  the  individual  pile  stiffness  influence  coefficient  called 
1 

the  elastic  pile  constant. 

In  a three-dimensional  system  the  pile  may  be  located  at  a ro- 
tated position  to  the  foundation  axis  and  battered. 

Once  the  stiffness  matrix  is  known  for  the  total  foundation,  the 
problem  is  essentially  solved;  it  only  requires  back  substitution  to 
find  the  allocation  of  loads  to  the  individual  piling.  The  structure 
deflections.  Figure  4,  can  be  obtained  by  using  the  transposed  stiff- 
ness matrix. 


a.  Loads  b.  Displacements 

Figure  4.  Structure  deflections 


Several  factors  influence  the  capacity  of  pile  foundations. 

These  factors  must  be  known  in  order  to  determine  the  pile-stiffness 
matrix.  Factors  include  the  subgrade  modulus,  pile  head  fixity  group 
and  cyclic  load  reductions,  effects  of  pile  driving  and  jetting  pro- 
cedures, water  table  variations,  and  structure-soil  contact  pressures. 
A detailed  discussion  of  these  parameters  is  included  in  Appendix  A. 
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Direct  stiffness  method- 

elastic  piles  with  flexible  structure 


This  method  of  analysis  consists  of  a finite  element  structure 
model  with  piles  represented  by  a stiffness  matrix.  A two-dimensional 
program  UFRAME  design  has  been  developed  by  Demsky  of  the  Gt.  Louis 
District.  The  Waterways  Experiment  Station  (WES)  has  developed  the 
SAP  IV  three-dimensional  program  to  model  a flexible  structure  on  piles. 
These  programs  are  used  to  reflect  structure  flexibility  in  the  distri- 
bution of  pile  loads.  Sample  problems  using  these  programs  and  com- 
parisons with  rigid  structure  analyses  are  included  in  Appendix  A. 

Other  methods 

Research  studies  have  been  made  by  Desai , Johnson,  and  Hargett"^ 
using  a two-dimensional  finite  element  model  of  the  structure-soil-pile 
system.  Parker  has  also  used  a two-dimensional  model  of  an  elastic 
structure  on  nonlinear  piles.  A research  program  is  underway  at  the 
University  of  Texas  at  Austin  using  mathematical  models  to  represent 
the  three-dimensional  structure-pile-soil  system.  The  computer  program 
will  be  used  for  the  design  of  offshore  structures  which  extend  to 
great  water  depths.  The  objective  is  to  obtain  the  response  of  the 
entire  system  when  subjected  to  wave,  wind,  and  gravity  loads. 

Design  Criteria — Deflections  and  Stresses 

Concurrent  with  analysis  of  the  "structure-pile"  system,  the 
"soil-pile"  system  is  analyzed  to  verify  that  computed  pile  loads  and 
deflections  are  acceptable.  The  stresses  and  deflections  in  piles  re- 
sulting from  both  lateral  and  axial  loads  should  be  investigated  and 
should  include  applicable  cyclic  and  group  loading  effects.  Allowable 

design  criteria  are  given  in  EM  1110-2-2906^  and  AASHTO  Standard  Speci- 

7 

fication  for  Highway  Bridges. 

The  allowable  structure  deflections  should  be  restricted  to 
1/U  in.  for  buildings  while  1/U-  to  1/2-in.  deflections  may  be  accept- 
able for  other  structures,  depending  on  the  operational  requirements. 
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Available  Computer  Programs 

A survey  was  made  and  information  obtained  on  computer  programs 
currently  used  in  the  CE.  Tables  1 and  2 list  two-  and  three-dimensional 
programs,  respectively.  Programs  are  sometimes  used  on  the  local  G-225 
office  computer  while  other  design  offices  use  time  share  and  batch 
programs  on  the  G-635  computer  at  WES.  Disadvantages  of  the  two- 
dimensional  programs  are  as  follows: 

a.  13-C1-C502  Card  Program  and  U1-Z5-002  and  713-F3-A2-150  Time 

Share  Programs. 

(1)  Assume  rigid  pile  cap. 

(2)  Structural  deflections  not  computed. 

(3)  Pile  deflections  and  stresses  not  computed. 

(i*)  Pile  batter  restricted  to  one  plane. 

(5)  Structure  base  must  be  horizontal,  unstepped. 

(6)  Pile  heads  are  assumed  to  be  hinged. 

]).  713-Gl-Mkl3B  Card  Programs 

(1)  A Part  II  program  of  713-G1-MU13A. 

(2)  Difficult  to  use. 

c_.  713-G-A38hO  and  713-F3-A2-210  Time  Share  Programs 

(1)  Assume  rigid  pile  cap. 

(2)  Assume  soil  modulus  variation  increasing  with  depth. 

(3)  Will  not  analyze  dynamic  loads. 


Recommendat ions 


Graphical  methods  are  recommended  for  the  two-dimensional  design 
of  conventional  bridge  abutments,  small  retaining  walls,  and  similar 
structures,  when  the  applied  lateral  load  on  the  structure  does  not 
exceed  one-fifth  of  the  vertical  load.  For  higher  lateral-vertical 
load  relationships,  more  accurate  analysis  should  be  used. 

Programs  713-Z5-002  and  713-F3-A2-150  are  considered  to  be  the 
preferable  two-dimensional  programs.  It  is  recommended  that  one  of 
these  programs  be  modified  to  eliminate  disadvantages  (2),  (3),  ( U ) , 
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and  (6).  For  structures  with  stepped  or  sloping  bases,  it  will  be 
necessary  to  use  the  three-dimensional  program  recommended  below. 

After  program  modification  and  revised  documentation,  the  program 
should  be  standardized. 

Programs  713-F3-A38J40  and  713-F3-A2-210  are  considered  to  be  the 
preferable  three-dimensional  programs.  It  is  recommended  that  one  of 
these  programs  be  modified  to  permit  the  optional  use  of  either  a 
constant,  varying,  or  stepped  soil  modulus.  This  program  should  be 
standardized  for  Corps-wide  use.  Further  enhancement  should  include 
provisions  for  the  dynamic  analysis  of  pile  group  foundations  subject 
to  earthquake  and  vibratory  loading. 
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Appendix  A:  Discussion  Analysis  and  Design  of 

Pile-Group  Foundations 


Given  Data 


Assume  the  structure  geometry  and  stability  analysis  have  been 
determined  prior  to  performing  the  pile-group  analysis  and  design 
(Figure  A1 ) . 


Preliminary  Design 

Determine  the  types  of  piles,  pile  capacities,  and  preliminary 
pile  layout  (Figure  A2). 

a.  Determine  types  of  pile  based  on  economic  studies,  availabil- 
ity of  materials,  nature  of  loading,  and  site  foundation 
environment . 

- Steel  H 

- Steel  pipe 

- Concrete 

- Wood 

b.  Determine  pile  load  carrying  capacities  and  end  conditions. 

- Allowable  axial  compression 

- Allowable  axial  tension 

- Allowable  bending 

- End  bearing  or  friction  or  combination 

- Fixed  or  pinned  to  structure 

c_.  Determine  the  preliminary  pile  layout  and  batters  (if  re- 
quired) by: 

- Graphical  methods 

- Comparison  with  other  similar  Jobs 

- Experience 

- Intuition 


Type  of  Analysis 

Once  these  preliminaries  have  been  dealt  with,  then  we  can  perform 
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some  type  of  analysis  considering  the  structure,  pile,  and  soil  inter- 
action flexibilities,  based  on  the  nature  of  the  applied  loadings 
(vertical,  horizontal  overturning,  two-dimensional  or  three-dimensional 
loadings).  Thus  it  becomes  necessary  to  choose  a tool  for  the  analysis 
from  among  the  following  options: 


Loading 

Structure 

Pile  Constants 

Program 

Two-dimensional 

Rigid 

Elastic 

713F3A38UO 

Three-dimensional 

Rigid 

Elastic 

713F3A38U0 

Two-dimensional 

Elastic 

Elastic 

713F3A3910 

Three-dimensional 

Elastic 

Elastic 

SAP  PILE 

Two-dimensional 

Rigid 

Nonlinear 

Three-dimensional 

Rigid 

Nonlinear 

Two-d imens ional 

Elastic 

Nonlinear 

Three-dimensional 

Elastic 

Nonlinear 

The  above  programs  are 

contained  in  the 

handouts . 

Other 

programs,  such 

as  HPILE,  are  available  from  other  Districts  and  provide 

equivalent 

analysis  as  do  some  of 

the  above  programs;  however 

, they 

will  not  be 

discussed  here.  The  available  programs 

that  can  handle 

practical  design 

problems  will  consider 

up  to  three-dimensional  loadings 

on  an  elastic 

structure  and  elastic 

piles.  Nonlinear 

aspects  of 

soil- 

pile-structure 

interaction  remain  in 

the  research  and 

development 

stage 

and  are  not 

considered  to  be  practical  design  tools.  At  present  the  nonlinear  as- 
pects are  under  active  research  by  groups  at  WES  and  the  University  of 
Texas,  among  others. 


Pile  Constants 


Once  the  type  of  analysis  is  chosen,  it  is  necessary  to  determine 
the  input  required  for  the  particular  program  (either  rigid  or  flexible 
structure  solutions).  The  first  of  these  it,:  how  do  we  represent  the 
pile  response,  or  how  do  we  determine  the  pile  constants?  The  pile 
constants  can  be  defined  as  equivalent  springs  which  simulate  the  pile- 
soil  interaction  behavior  under  load  (Figures  A3  and  hh ) . The  pile  can 
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be  replaced  with  its  equivalent  spring  constant  at  the  structure  pile 
interface.  This  provides  a means  to  analyze  the  structure  pile  system 
by  using  structural  matrix  stiffness  methods.  These  pile  constants  can 
be  determined  theoretically  from  full  scale  pile  load  test  or  again  by 
intuition.  Several  other  factors  should  be  considered  during  this 
determination: 

a.  The  nature  of  the  loading: 

Static 

Cyclic 

Vibratory 

_b.  The  spacing  and  location  of  individual  piles  in  the  pile  group. 

c_.  The  batter  of  the  pile  with  the  direction  of  load. 

d_.  The  nonlinear  aspects  as  it  affects  the  choice  of  an  equiva- 
lent elastic  spring  (secant  modulus). 

One  approach  that  we  have  used  is  to  consider  all  these  variables  and 
then  perform  a limit  analysis  based  on  conservative  assumption  for  the 
variable  effects  (Figure  A5). 


DEFLECTION! 


Figure  A5.  Limit  assumptions  for  unknown 
pile-soil  interaction  behavior  under  ap- 


plied load 
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This  approach  relies  heavily  on  the  judgment  and  experience  of  the 
structural  or  foundation  engineer  to  determine  reasonable  conservative 
values  for  the  limit  design.  However,  as  it  turns  out,  the  results  of 
the  analysis  are  not  very  sensitive  to  those  assumed  values.  For  in- 
stance, Bowles  believes  that  the  structure  influences  the  soil  behavior 
much  more  than  the  soil  influences  the  structure  behavior.  A well-known 
equation  to  determine  a modulus  of  subgrade  reaction  for  footing  behav- 
ior is: 

K’  = (0.65) 
s 

where 

K'  = modulus  of  subgrade  reaction  (soil  spring) 

E = soil  stress-strain  modulus 

s 

B = width  of  footing 

= flexural  rigidity  of  footing 

U = Poisson's  ratio 
Thus  the  factor 


0.65 


12 


^Any 


number 


0.8  to  1.7  for  practical  ratios 
of  footing  rigidity 
versus  soil 


and 


K’ 

s 


(0.8  to  1.7) 


E 

3 


2 

u" 


1 ^/10,000  = 1.8 

‘^100,000  = 2.6 

Soil-Pile  Interaction  Consideration 


Assumpt'ons  which  can  be  used  to  determine  the  lateral  pile  con- 
stants (b..)  fi’on  a theoretical  basis  are  as  shown  in  Figure  A6.  These 
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Figure  A6.  Assumptions  for  coefficient  of  horizontal  subgrade  modulus 
for  various  assumed  soil  conditions 


assumptions  are  based  on  the  Winkler  approach  first  proposed  by  E. 

Winkler  in  about  1867.  These  assumptions  assume  that  the  soil  mass 
can  be  treated  as  a series  of  independent  springs  which  support  the 
structural  pile.  Other  formulations  have  been  based  on  treating  the 
soil  mass  as  an  elastic  continuum  (FEM  approach).  Similar  assumptions 
can  be  used  to  develop  the  axial  (b^)  and  rotational  (b,  r ) spring  pile 
constants.  Programs  713-F3-A3840  (rigid  base  pile  analysis)  and  SAP 
PILE  (flexible  base  analysis)  calculate  the  pile  constant  stiffness 
matrix  internally  based  on  assumption  1 (subgrade  modulus  that  varies 
linearly  with  depth).  In  addition,  program  A713-G-A3840  has  the 
capability  to  input  a previously  defined  pile  constant  stiffness  matrix 
that  may  have  been  calculated  using  other  assumptions.  The  pile  constant 
stiffeners  matrix  calculated  in  the  above  two  programs  takes  the  form 
shown  in  Figure  A7. 
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Figure  A7.  Stiffness  matrix  for  .a  single  pile  for  a horizontal  sub- 
grade modulus  that  varies  linearly  with  depth 
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Matlocks  Recursive  Solution  lor  Beam  Columns 


A program  that  has  been  very  helpful  in  determining  pile  constants 
when  a theoretical  solution  is  not  available  is  Matlocks  Recursive  Solu- 
tion. This  program,  713F3A350,  is  contained  in  the  handouts.  The  pro- 
gram solution,  based  on  finite  difference  techniques,  can  model  general 
soil-pile  interaction  conditions.  It  is  possible  to  develop  pile  head 
load  response  for  lateral  and  rotational  deformations.  For  instance, 
the  following  condition  can  be  modeled  for  soil  support  starting  some 
distance  below  the  top  of  the  pile  (Figure  A8).  If  deflection,  rota- 
tion, shear,  and  moment  diagrams  are  desired  for  the  length  of  individual 
piles  in  a pile  group,  then  this  program  can  be  used  for  these  calcula- 
tions. The  load  pile  head  deformation  results  from  this  program  solu- 
tion can  be  used  as  the  elements  in  the  pile  constant  (b)  matrix  input 
to  the  rigid  base  solution  (Figure  A9). 


ECFtiCTlOM  >AONvGNT  r‘«fc«  P£*»CT\OH 

input 

OUTPUT 


Figure  A8.  Theoretical  load,  deflection,  moment, 
shear,  and  soil  reaction  curves 
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Rigid  Base  Solution  for  Pile  Groups 

This  program  is  based  on  Saul's  formulation  for  solving  the  foun- 
dation deflections  by  matrix  methods,  which  takes  the  form  for  the  foun- 
dation stiffness  matrix  of: 

D0&6-  X Mi  -Hi  Mi  Mi  Ml  DOT 

i=l 

By  inverting  the  foundation  stiffeners  matrix  [S]  and  multiplying  the 
load  matrix  applied  to  the  pile  group  we  can  calculate  the  deflected 
position  of  the  structure  rigid  body  or: 

m - ortv] 

Once  the  rigid  body  structure  deflections  are  known  we  can  determine 
individual  pile  deflections  and  pile  forces  by  the  known  geometrical 
relationships  or: 

Mi  - Ml  MM 

Mi  * Mi  Mi 

Sample  input  required  for  the  rigid  base  solution  is  shown  in 
Figure  A9.  Output  consists  of  (Figure  All): 
a.  Structure  deflections. 
b_.  Coordinates  of  elastic  center. 

c_*  Pile  deflections  for  each  pile  along  pile  axis. 

d_.  Forces  and  moments  in  each  pile  along  pile  axis. 

£.  Comparison  of  calculated  pile  forces  with  allowable  forces 
(overstressed  piles  are  flagged). 

f_.  Forces  and  moments  in  each  pile  along  structure  axis. 

A useful  output  feature  is  the  coordinates  of  the  elastic  center  of  the 
pile  group.  If  the  resultant  loads  and  the  elastic  center  are  plotted, 
then  a feel  for  the  efficiency  of  the  pile  group  can  be  obtained.  If 
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STRUCTURE  - RIGID  BBSE  SOLUTION 
NO.  Or  RILES- m Tj  B MATRIX  IS  CALCULAT ID  TO"  EACH  PftE~ 
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Figure  A10.  Input  to  3-dimensional  pile-group 
analysis  program  713F3A38LO 
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Figure  All.  Output  from  3-D  pile-group 
analysis  program  713F3A3840 
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the  eccentricity  between  the  line  of  action  of  the  resultant  of  the 
loads  and  the  elastic  center  is  minimized  then  overturning  is  minimized 
making  efficient  use  of  all  the  piles  (Figure  A12). 

Calculation  of  Shears  and  Moments  in  Pile  Cap 

To  further  enhance  this  program,  the  output  pile  forces  from  the 
rigid  base  solution  can  be  used  as  input  to  another  program  (Slab 
Shears  and  Moments  Program  713F3A3900)  along  with  other  applied  dead  and 
live  loads  to  develop  the  shear  and  moment  diagrams  for  selected  two- 
dimensional  strips  through  the  structure.  Shear  continuity  between 
adjacent  strips  should  be  considered  as  an  applied  load  to  satisfy 
statics.  This  program  is  contained  in  the  handouts. 

Flexible  Base  Solution  (SAP  PILE) 


Recently  SLD  funded  WES  to  include  a pile  constant  element  (de- 
fined with  assumption  l)  into  the  SAP1*  library  of  finite  elements.  This 
work  has  just  been  completed  by  Wayne  Jones  and  Bill  Boyt  of  the  Computer 
Analysis  Branch  (CAB)  at  WES.  Single  and  double  precision  versions  of 
this  routine  are  available.  The  pile  constant  element  can  be  used  with 
any  of  the  other  SAP  library  elements  considering  compatibility  of  the 
degrees  of  freedom,  i.e.,  beam  column,  plate,  brick,  etc.,  to  model  elas- 
tic structures  founded  on  elastic  pile  groups.  We  have  tested  this  pile 
element  with  the  beam  column  and  plate  elements  and  this  appears  to 
provide  a powerful  analysis  tool  for  our  structural  design  of  structures 
founded  on  pile  groups  that  are  less  than  rigid.  A comparison  of  the 
results  from  the  analysis  of  some  classes  of  hydraulic  structures  reveals 
that  there  may  ie  significant  differences  in  the  calculated  pile  forces 
using  the  different  assumptions  of  rigid  versus  flexible  structures.  Re- 
sults from  the  rigid  is  not  conservative  in  many  cases.  A draft  docu- 
mentation for  this  pile  element  is  contained  in  the  handouts.  Use  of 
the  flexible  base  solution  and  a comparison  with  rigid  base  solutions 
are  illustrated  in  the  following  examples. 
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Examples  of  Rigid  Versus  Flexible?  base  Analysis 

Several  different  types  of  structures  were  selected  to  test  the 
SAP  PILE  solution  against  the  rigid  base  solution  to  determine  the 
sensitivity  of  the  results.  Those  selected  were  a "T"  shaped  navigation 
dam  pier,  a lock  U-Frame  gate  monolith,  and  a pump  station.  The  pur- 
pose of  this  investigation  was  to  gain  insight  into  various  methods  of 
analyzing  pile-founded  structures.  The  computer  programs  used  were  SAP 
PILE,  STRUDL,  and  713F3A3910  (UFRAME)  for  flexible  base  solutions  and 
713F3A3840  for  a rigid  base  solution.  Each  of  these  programs  uses  the 
Hrennikoff  method  of  pile  analysis. 

a_.  "T”  shaped  intermediate  dam  pier  - An  intermediate  dam  pier 

was  analyzed  3-dimensionally  using  the  SAP  and  713F3A38UO 
programs.  The  basic  structure  and  pile  foundation  are  de- 
scribed as  follows.  Plate  and  pile  elements  were  used  for 
this  analysis  (Figures  A13-A110  . The  base  deflections  along 
and  across  the  base  for  each  load  case  are  shown  for  both 
flexible  base  (SAP)  and  rigid  base  (A713F3A38LO)  solutions. 
Pile  forces  for  selected  cross  sections  are  shown  in  Fig- 
ures A15-A17.  The  differences  in  pile  forces  between 
assumptions  are  not  as  great  as  the  differences  for  the 
U-Frame  lock  analyses.  Thus,  for  the  intermediate  pier,  the 
base  moments  should  be  in  close  agreement  for  rigid  and 
flexible  base  analyses.  The  conclusion  for  this  structure 
is  that  base  forces  are  not  greatly  affected  by  the  flexible 
base/rigid  base  assumption  but  that  pile  forces  can  be 
significantly  affected  by  that  assumption. 

b_.  Lock  gate  bay  U-Frame  monolith  on  vertical  and  battered 
H-piles  - A U-Frame  lock  was  analyzed  using  PAP,  STRUDL, 
713F3A3910,  and  A713F3A38U0  solutions.  The  analysis  was  2- 
dimensional  using  beam  and  pile  elements.  The  pile  locations 
are  shown  in  Figures  A18-A19-  The  lateral  deflections  of  the 
lock,  a plot  of  the  vertical  deflections  across  the  base,  and 
the  resulting  moments  in  the  base  are  shown  as  follows:  The 

base  moments  output  from  SAP  and  STRUDL  are  nearly  identical. 
UFRAME  (713F3A3910)  moments  differ  by  about  10  percent  because 
piles  are  assumed  to  be  connected  to  the  centroid  of  the  base 
rather  than  the  bottom  of  the  base  by  the  program.  The  rigid 
base  moments  are  about  15  percent  greater  than  SAP  and  STRUDL 
moments  at  the  maximum  values  (Figures  A20-A21 ) . All  flexible 
base  solutions  predict  nearly  the  same  deflected  shape  of  the 
base.  The  maximum  deflection  of  a flexible  base  is  nearly 
100  percent  greater  than  that  of  a rigid  base.  Since  pile 
forces  can  be  determined  from  base  deflections,  it  can  be  seen 
that  the  flexible  base/rigid  base  assumption  significantly 
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INTERMEDIATE  DAM  PIER 


founded  navigation  dam  pier  assuming  rigid  and  flexible  bases 
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BASE  DEFLECTIONS 


Figure  Al6.  Comparison  of  results  from  the  rigid  and  flexible 
base  pile-group  analysis  - vertical  base  deflection 


Figure  AlS.  Pile  layout  for  2-dimensional  rigid  and  flexible 
base  analysis  of  a pile-founded  lock  gate  monolith 


LIVE  & DEAD  LOADS  APPLIED  TO  STRUCTURE 


Figure  A19*  Loading  conditions  for  2-dimensional  rigid  and  flexible 
base  analysis  of  a pile-founded  lock  gate  monolith 
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affects  pile  forces.  The  conclusion  for  this  structure  is 
that  while  a rigid  base  solution  may  be  sufficient  for 
determining  base  moments,  a flexible  base  solution  is  re- 
quired for  determining  pile  forces  accurately. 

c_.  Pump  station  founded  on  vertical  H-piling  - A pump  station  was 
modeled  with  SAP  PILE  using  plate  and  pile  elements.  There 
was  some  question  on  this  job  about  the  flexibility  of  the 
base  as  it  affects  the  distribution  of  loads  to  the  piles 
under  the  wall  and  base  slab  (Figures  A22-A23).  This  finite 
element  grid  consisted  of  163  nodes,  lh2  plate  elements,  and 
ll8  pile  elements  (Figure  K2h) . Results  of  the  comparison 
between  the  rigid  and  flexible  base  assumption  are  shown  in 
Figure  A25.  A conclusion  which  may  be  drawn  from  this  anal- 
ysis is  that  the  rigid  base  analysis  may  be  sufficient  for 
this  design,  since  the  pile  layout  provided  is  conservative. 
However,  the  flexible  base  analysis  indicates  that  more  ten- 
sion piles  are  required  than  the  rigid  base  solution  if  this 
is  the  criterion  to  be  used  for  placement  of  tension  anchors. 


Comments  on  Programs 


a.  T13F3A38UQ  (Rigid  base  solution)  - Input  is  rather  simple 
since  only  pile  information  is  required;  since  the  base  is 
assumed  to  be  rigid  it  need  not  be  modeled.  To  obtain  base 
forces,  a second  run  must  be  made  using  another  program  which 
utilizes  the  output  from  713F3A38UO. 

b_.  7I3F3A3910  (UFRAMK)  - The  input  is  simple  since  this  is  not  a 
general  program;  it  is  only  for  two-dimensional  analysis  of 
pile- founded  flexible  base  structures.  Some  limitations  are 
that  out-of-plane  batter  is  ignored  and  that  the  pile  is 
assumed  to  be  connected  to  the  centroid  of  the  base,  not  the 
bottom  of  the  base.  An  advantage  of  this  program  is  that  it 
is  run  on  time  sharing  rather  than  batch. 

c_.  STRUDL  ( MCAUTO ) - Input  is  in  engineer ing-type  language,  thus 
it  is  more  understandable.  However,  STRUDL  has  no  standard 
pile  element.  A pile  must  be  represented  by  inputting  stiff- 
ness matrix  terms  for  the  pile  elements  which  the  user  has 
calculated,  a serious  limitation  for  the  casual  user. 

STRUDL  is  also  the  most  expensive  program  to  run.  One  advan- 
tage for  this  program  is  its  ability  to  represent  complex 
structural  details  (e.g.,  member  eccentricities,  member  end 
joint  sizes,  curved  members). 

d.  SAP  PILE  (WES  batch)  - This  is  a large  general  purpose  pro- 
gram like  STRUDL.  SAP  has  useful  automatic  data  generation 
features.  The  fact  that  it  has  a standard  pile  element  in 
its  library  of  elements  makes  it  easier  to  model  a structure 
than  on  STRUDL.  SAP  does  have  some  limitations  on  loading 
input  when  multiple  load  cases  are  desired. 
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Observations 


In  conclusion,  the  most  useful  program  for  analysis  of  pile- 
founded  structures  seems  to  be  SAP.  However,  if  only  a rigid  base 
analysis  is  required,  AT13840  is  easier  to  use  than  SAP  in  most  cases. 
There  still  remains  the  problem  of  whether  a rigid  base  analysis  is 
sufficient.  For  a structure  as  flexible  as  a U-Frame  lock,  clearly  it 
is  not.  For  a less  flexible  structure  the  decision  must  be  left  to  each 
engineer,  bearing  in  mind  that  predicted  pile  loads  may  still  be  signif- 
icantly different  depending  on  that  decision.  The  approach  we  would  use 
in  SLD  would  be  to  analyze  all  loading  conditions  using  the  rigid  base 
solution.  Once  a reasonable  pile  layout  is  determined  from  the  rigid 
base  analysis,  then  critical  loading  conditions  can  be  selected  for  a 
flexible  base  analysis  to  determine  if  the  predicted  pile  forces  are 
sensitive  to  the  flexibility  of  the  structure. 
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CELLULAR  LVHEET  PILE  STRUCTURES 


by 

Thurman  Gaddie* 
Herman  Gray** 


Introduction 


The  first  interlocking  steel  sheet  piling  was  of  the  Lackawanna 
type  and  was  produced  in  the  United  States  in  1908.  This  piling  was 
used  in  the  first  cellular  cofferdam,  which  was  constructed  in  Buffalo, 
New  York,  in  1909-  This  cofferdam,  of  the  diaphragm  type  but  with  all 
straight  walls,  served  its  intended  purpose  even  though  large  deforma- 
tions in  the  cells  caused  alarm.  A circular-type  cellular  cofferdam  was 
constructed  the  following  year  in  the  harbor  of  Havana,  Cuba,  in  connec- 
tion with  raising  the  battleship  Maine.  The  soft  clay  foundation  and 
the  use  of  clay  fill  material  led  to  excessive  cell  deflections  which 
required  the  placement  of  a stability  berm  and  the  eventual  strutting  of 
the  cells.  Despite  these  early  difficulties,  the  potential  of  cellular 
structures  was  recognized  and  the  deficiencies  noted  were  corrected  in 
subsequent  designs. 

Stability  considerations  for  early  cellular  structures  were  quite 

simplQ.  Sliding  and  overturning  of  an  equivalent  rectangular  mass  was 

the  sole  basis  for  stability  until  the  late  1930' s when  the  Tennessee 

Valley  Authority  (TVA)  began  its  experiments  involving  the  cell  fill. 

Following  these  experiments,  Terzaghi,^  in  19^5,  first  published  his 

paper  on  vertical  shear  within  the  cell  fill.  Improvements  in  steel 

sheet  piling  have  been  made  over  the  years  permitting  larger  and  higher 

cellular  structures  to  be  built.  High  interlock  strength  piling  and 

compatible  extruded  wye  connector  piles  are  now  available  which  will 

permit  even  larger  and  higher  cellular  structures  to  be  built.  Studies 
1 2 3 

by  Terzaghi,  Cummings,  Hansen,  and  others  have  produced  design 

* Chief,  Structural  Section,  Ohio  River  Division  (ORD),  Cincinnati, 
Ohio. 

**  Chief,  Design  Branch,  Nashville  District,  Nashville,  Tennessee. 
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methods  which  will  assure  safe  designs  for  these  larger  cellular 
structures. 

While  computer  programs  have  been  written  to  perform  some  of  the 
analyses  required,  more  comprehensive  design  programs  are  still  needed. 
The  criteria  for  evaluating  existing  programs  and  for  the  preparation  of 
future  programs  will  be  presented  in  the  following  paragraphs.  The  de- 
ficiencies in  cellular  structures  which  most  commonly  result  in  failure 
will  also  be  discussed  so  that  design  criteria  presented  can  be  placed 
in  proper  context. 

Cellular  Structures — General  Types  and  Usage 


General  types 

Cellular  sheet  pile  structures  are  built  in  numerous  configura- 
tions. The  most  common  of  these  are  the  circular  cell,  diaphragm,  and 
cloverleaf  configurations.  The  circular  cell  type  is  preferred  where 
river  currents  must  be  contended  with.  The  individual  cells  can  be 
filled,  thus  providing  an  independently  stable  structure  as  work  pro- 
gresses on  the  remaining  cells  and  arcs.  Completed  cells  with  arcs  can 
be  used  as  a work  platform  for  construction  of  subsequent  cells.  On  the 
other  hand,  the  diaphragm-type  cells  represent  an  economical  use  of 
sheet  piling  for  moderate  height  structures  and  can  be  used  to  advantage 
in  still  water.  The  cloverleaf  configuration  is  often  used  where  large 
cells  are  required  for  stability  and  where  there  is  insufficient  room 
for  stability  berms. 

Uses 

Cellular  sheet  pile  structures  are  versatile  in  size  and  configura- 
tion and  are  used  in  a variety  of  ways,  the  most  common  being  for  cof- 
ferdams. Cellular  cofferdams  (Figure  l)  are  used  to  best  advantage  in 
river  work  where  the  river  is  blocked  in  stages  so  as  to  restrict  river- 
flow  as  little  as  possible.  The  cells  are  resistant  to  scour  when 
driven  to  rock  or  otherwise  protected.  Among  the  uses  for  permanent 
structures  are:  (a)  fixed  crest  dams  and  weirs  (Figure  2),  (b)  naviga- 

tion lock  walls  (Figure  3),  (c)  mooring  cells  (Figure  U),  (d)  retaining 


Figure  1.  Cellular  cofferdam  Uniontown  Dam  Project,  Ohio 
River,  Indiana  and  Kentucky 


Figure  2.  Fixed  weir 
Newburgh  Dam  Project, 
Ohio  River,  Indiana 
and  Kentucky 


Figure  3.  Navigation  lock  walls 


Figure  U.  Mooring  cells 
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walls  (Figure  5),  and  (e)  substructures  for  concrete  gravity  super- 
structures (Figure  6). 

All  of  these  structures  can  be  built  in  the  wet,  thus  eliminating 
the  need  for  dewatering.  When  used  as  substructures,  the  cells  can  be 
relied  upon  to  support  moderate  loads  from  concrete  superstructures. 
Varying  designs  have  been  used  to  support  the  concrete  loads,  either  on 
the  fill  or  on  the  piling,  by  providing  appropriate  connections  between 
the  concrete  and  piling.  In  the  case  of  concrete  guard  walls  for  naviga- 
tion locks,  bearing  piles  have  been  driven  within  the  cells  to  support 
the  load.  Where  the  danger  of  rupture  from  barge  impact  exists,  the 
cells  may  be  filled  with  tremie  concrete.  Where  settlement  of  the  cell 
fill  would  pose  a problem,  material  used  for  the  cell  fill  and  the  means 
of  consolidating  the  fill  must  be  taken  into  account  during  design. 

Design  Philosophy 

The  design  of  cellular  structures  can  be  reduced  to  three  major 
areas  of  consideration.  These  are: 

a.  Design  of  the  sheet  piling  and  connectors  to  resist  all  inter- 
nally applied  loads  from  the  cell  fill  (including  hydrostatic 
forces ) . 

b_.  Design  of  the  cells  to  be  stable  under  all  loading  conditions, 
considering  all  possible  modes  of  failure. 

c_.  Design  for  the  control  of  the  quantity  of  seepage,  seepage 
forces,  and  erosive  currents. 

Design  of  Sheet  idling 

The  dimensions  and  configuration  of  sheet  pile  cells  are  normally 
limited  to  those  which  will  result  in  reasonable  stresses  in  the  sheet 
piling  and  connector  piles.  The  procedures  followed  in  computing  piling 
stresses  vary  widely  with  the  designer  and  a decision  as  to  what  repre- 
sents a reasonable  stress  involves  a great  deal  of  engineering  judgment. 

Assumptions  regarding  earth  pressures  within  the  cells  have  been  found 
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to  vary  from  the  Rankint.  active  state  of  stress  to  the  Krynine  state  of 


Figure  5.  Retaining  walls 
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Figure  6.  Substructures  for  concrete  gravity 
superstructures 


stress,  which  is  nearly  twice  that  of  the  active  state.  Interlock 
stresses  vary  with  the  depth  of  fill  in  the  cells  hut  are  affected  by 
the  restraint  to  cell  expansion  offered  by  overburden  or  bedrock  into 
which  the  piling  is  driven.  The  elevation  at  which  maximum  interlock 
stress  will  be  computed  varies  from  the  base  of  cells  to  an  elevation  at 
which  the  designer  estimates  that  maximum  cell  expansion  will  occur. 
While  the  allowable  interlock  stress  is  commonly  taken  as  one-half  of 
the  guaranteed  ultimate  interlock  strength,  the  more  discerning  designer 
may  choose  to  consider  such  factors  as:  (a)  the  condition  of  the  piling 
(b)  the  conditions  under  which  the  cells  are  constructed,  (c)  the  condi- 
tions under  which  critical  loads  are  applied,  and  (d)  the  control  (or 
lack  of  control)  the  designer  may  have  during  construction  of  the  cells. 

The  maximum  interlock  stress  normally  occurs  in  the  connector 
piling  where  hoop  tension  in  the  cells  is  combined  with  pull  from  the 

connecting  arcs.  This  maximum  interlock  tension,  T , for  circular 

max 

type  cells  can  be  computed  from  the  equation: 

T = pL  sec  a 
max 


where: 

p = the  fill  pressure  at  the  elevation  under  consideration 

L = half  of  the  spacing  between  cells 

a = the  angle  between  center  line  of  cells  and  a line  from  the 
center  of  a cell  to  the  connector  pile  in  question 

Similar  analysis  must  be  performed  for  diaphragm  and  cloverleaf- 
type  cellular  structures. 

The  single  most  important  consideration  in  the  design  of  the  cells 
is  the  saturation  level  within  the  cell  fill.  Full  saturation  commonly 
occurs  during  cell  filling  operations.  This  can  be  a result  of  the 
means  employed  tp  fill  the  cells  or  due  to  sluicing  operations  performed 
to  consolidate  the  cell  fill.  Near  full  saturation  may  also  occur  under 
other  conditions,  particularly  if  precautions  are  not  taken  to  prevent 
such  occurrences.  For  these  reasons,  the  assumption  of  a fully  satu- 
rated cell  fill  condition  is  normal  practice.  A notable  exception  of 


53 


this  practice  was  in  the  design  of  a cofferdam  for  Smithland  Dam  on  the 
Ohio  River.  Cells  for  this  cofferdam  are  approximately  6H  ft  in  diam- 
eter and  will  stand  4l  ft  above  normal  river  level  and  103  ft  above  the 
predredged  riverbed.  Stability  berms  will  be  provided.  High  interlock 
strength  piling  would  be  ideally  suited  to  these  cells;  however,  its 
availability  could  not  be  guaranteed  at  the  time  of  design.  The  coffer- 
dam was  therefore  designed  to  use  conventional  piling  and  free-draining 
stone  fill.  A saturation  level  nearly  equal  to  the  level  of  the  river 
during  fill  placement  was  thus  assured.  Weep  holes  in  the  inboard  sheet 
piling  will  maintain  the  cell  saturation  level  near  the  level  of  berm 
saturation  within  the  dewatered  cofferdam. 

Interlock  stress  determinations  involve  a number  of  loading  condi- 
tions to  describe  the  various  stages  of  construction  and  operation  and 
to  consider  the  effects  of  varying  design  assumptions.  While  the  maxi- 
mum interlock  stress  may  likely  occur  during  the  cell  filling,  other 
cases  will  be  of  interest  to  the  designer.  If  the  critical  interlock 
stress  occurs  during  filling  and  the  interlock  stresses  are  low  under 
all  other  conditions,  the  designer  may  be  inclined  to  allow  a slightly 
lower  factor  of  safety  for  the  construction  condition.  This  would 
assume  that  the  filling  condition  represented  a test  loading  and  that 
failure  could  not  occur  so  long  as  the  test  loads  were  not  exceeded. 

Limiting  the  computed  interlock  stresses  alone  will  not  assure  the 
integrity  of  the  cells.  The  critical  link  is  often  found  to  be  the  con- 
nector piling.  Stresses  in  these  members  must  be  investigated  for  the 
same  conditions  considered  for  the  sheet  piling.  Aside  from  the  weak- 
nesses of  the  connector  piles  themselves,  their  effect  on  adjacent  sheet 

piling  must  be  considered  in  arriving  at  a safe  cell  design.  As  studies 
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by  Dismuke  indicate,  substantial  stress  in  adjacent  piling  is  induced 
by  the  pull  on  the  outstanding  leg  of  connector  tees  and  wyes.  If  it 
were  not  for  plastic  deformation  in  these  pilings,  the  stresses  would  be 
intolerable.  While  plastic  deformation  does  occur,  it  is  prudent  that 
the  pull  on  the  outstanding  leg  be  limited  by  designing  the  arcs  with  as 
small  a radius  as  practical.  Wyes  are  to  be  preferred  over  tees  as  the 
radial  component  of  the  pull  on  the  outstanding  leg  is  less  for  arcs  of 


equal  radius.  Welded  tees  in  particular  have  been  associated  with 
numerous  failures  and  should  be  avoided. 

Finally,  in  regard  to  design  of  the  sheet  piling,  an  important 
consideration  is  that  of  the  problems  associated  with  construction.  A 
recent  analysis1,  of  some  35  cofferdam  failures  indicates  that  while 
"splits"  in  cells  are  the  most  common  form  of  distress,  these  "splits" 
can  rarely  be  attributed  to  improper  analysis.  Instead,  the  major  cause 
was  found  to  be  a result  of  using  defective  piling  and  simply  driving 
the  piling  out  of  interlock.  These  causes  can  be  eliminated  where  the 
designer  is  cognisant  of  the  problem  and  prepares  his  design  accordingly 
The  single  most  important  design  consideration  would  be  to  limit  pile 
driving  to  30  ft  or  less  depending  on  the  nature  of  the  overburden. 

In  some  cases  this  would  require  excavation  prior  to  pile  driving. 
Other  design  considerations  would  be  to:  (a)  require  setting  of  piles 

in  connecting  arcs  adjacent  to  cells  prior  to  filling  cells  so  as  to 
avoid  driving  these  piles  past  a bulging  cell;  (b)  require  jetting  on 
both  sides  of  pile  driven  through  dense  overburden;  (c)  require  that 
piling  be  driven  so  that  no  pile  leads  adjacent  sheets  by  more  than  5 ft 
(d)  require  that  cells  over  80  ft  high  or  cells  placed  in  fast-flowing 
water  use  stiffened  master  piles;  (e)  require  that  piles  driven  in  pairs 
be  seated  individually  where  they  are  driven  to  rock;  and  (f)  require  a 
diver  inspection  of  completed  cells  to  check  for  windows  or  other  open- 
ings in  cell. 


Design  of  the  Cells  for  Stability 

Design  theories  relating  to  stability  are  quite  divergent  to  the 
point  of  being  contradictory.  While  many  methods  of  analysis  have  been 
proposed,  there  are  only  four  prominent  methods  of  design  in  use  today. 
These  are  the  gravity  wall  analysis,  Hansen's  Method,  Terzaghi's  Method, 
and  Cummings'  Method.  While  all  are  widely  used,  no  one  is  universally 
accepted  to  the  exclusion  of  the  others.  Neither  can  it  be  said  that 
all  four  methods  yield  approximately  the  same  results.  To  go  further, 
the  results  vary  with  the  assumed  fill  and  foundation  properties  and  it 
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cannot  be  reasonably  predicted  which  method  will  yield  the  most  conser- 
vative design. 

Gravity  wall  design 

One  leading  consultant  in  the  field  of  cofferdam  design  advocates 
a simple  sliding  and  overturning  analysis  of  an  assumed  equivalent  "grav- 
ity block."  While  such  an  analysis  is  somewhat  empirical,  the  procedure 
has  been  used  with  success  for  many  years.  This  analysis  is  very  sensi- 
tive to  variations  in  the  saturation  levels  within  the  cells.  Using  ex- 
treme assumptions,  this  method  can  yield  either  the  largest  or  smallest 
cells  of  the  four  methods  listed  above.  Factors  of  safety  between  3.0 
and  3.5  are  considered  adequate  for  overturning  by  designers  who  use 
this  method.  These  factors  of  safety  will  maintain  the  resultant  on  or 
within  the  kern.  Design  factors  of  safety  with  respect  to  sliding  are 
normally  selected  between  1.25  and  1.50. 

Hansen's  Method 

Hansen  also  considers  cellular  structures  to  act  as  rigid  bodies. 
His  experiments  and  experiments  by  others  tend  to  confirm  his  assumption 
that  rupture  planes  occur  near  the  base  of  cells  rather  than  along 
planes  within  the  cells.  The  Hansen  Method  represents  a reasonable 
means  of  investigating  sliding  and  tilting  of  cells  founded  in  overbur- 
den. Stability  is  directly  related  to  the  engineering  properties  of  the 
foundation  and  properly  considers  the  saturation  level  within  the  cells 
as  well  as  seepage  forces  beneath  the  cells.  Sliding  and  rotation  along 
various  potential  failure  planes  can  be  investigated  by  this  method.  No 
analysis  of  cells  founded  in  overburden  would  be  complete  without  such 
an  investigation.  The  Hansen  Method  can  also  be  applied  to  cells  on 
rock;  however,  the  most  beneficial  application  is  for  cells  in 
overburden . 

Terzaghi's  Method 

Terzaghi's  Method  is  a procedure  for  analyzing  the  tilting  resis- 
tance of  cellular  structures  in  terms  of  the  vertical  shear  resistance 
of  the  cell  fill  and  the  frictional  resistance  of  the  pile  interlocks. 
Application  of  this  method  requires  an  assumption  as  to  the  state  of 
stress  within  the  cell  fill.  Terzaghi  reasoned  that  the  state  of  stress 
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would  have  to  exceed  the  active  pressure  state  if  the  apparent  stability 
of  existing  marginal  structures  were  to  be  explained.  He  therefore 
recommended  that  fill  pressures  between  120  percent  and  150  percent  of 
active  earth  pressures  be  assumed.  Following  the  publication  of 
Terzaghi's  cell  fill  shear  theory,  Krynine  presented  an  analysis  indi- 
cating that  the  coefficient  of  lateral  earth  pressure  should  be  taken  as 
2 2 

K = cos  0 = (2  - cos  0)  . Krynine' s value  is  commonly  used  today  in 
evaluating  the  shear  resistance  of  the  cell  fill.  Active  earth  pressure, 
however,  is  most  commonly  used  in  computing  stress  in  the  interlocks. 

Also  interlock  stresses  are  commonly,  but  not  always,  assumed  to  vary 
from  zero  at  the  base  of  the  cells  to  a maximum  at  the  quarter  height  of 
the  cells.  Likewise,  the  frictional  resistance  in  the  interlocks  is 
commonly  assumed  equal  to  zero  at  the  base  of  the  cells  and  to  vary  to  a 
maximum  at  the  quarter  height  of  the  cells.  The  assumption  of  zero  in- 
terlock stress  at  the  base  of  cells  is  considered  reasonable  where  expan- 
sion of  the  cells  is  restricted  at  the  base.  The  use  of  Krynine 's  earth 
pressure  for  cell  fill  shear  and  active  earth  pressure  for  interlock 
friction  may  be  considered  an  inconsistency  on  the  part  of  some  de- 
signers. In  any  event,  the  variations  in  the  manner  in  which  vertical 
shear  may  be  calculated  tends  to  reduce  the  analysis  to  an  empirical 
design.  The  saturation  level  within  the  cells  has  been  found  to  have 
little  effect  on  the  calculated  resistance  of  the  cells  to  tilting.  As 
the  saturation  level  varies,  changes  in  the  cell  fill  shear  resistance 
are  offset  by  the  changes  in  the  interlock  frictional  resistance. 
Cummings'  Method 

Cummings'  Method  relates  cell  tilting  resistance  to  the  shear  re- 
sistance of  the  cell  fill  and  to  the  resisting  moment  due  to  the  fric- 
tional resistance  of  the  pile  interlocks.  The  shear  in  the  cell  fill  is 
assumed  to  take  place  along  horizontal  planes.  Active  earth  pressure 
within  the  cells  is  commonly  used  in  computing  the  frictional  resistance 
in  the  interlocks.  As  in  Terzaghi's  Method,  the  assumption  regarding 
the  distribution  of  interlock  frictional  resistance  will  vary  with  the 
designer.  The  saturation  level  in  the  cells  has  little  influence  on  the 
results  of  the  analysis.  Frequently  there  may  even  be  an  apparent 
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increase  in  resistance  to  tilting  as  the  saturation  level  in  the  cells 
is  increased.  This  can  be  attributed  to  the  significant  increase  in 
interlock  frictional  resistance  resulting  from  the  higher  fill  satura- 
tion level. 

As  inferred  above,  there  is  some  variation  in  the  application  of 
•erzaghi's  and  Cummings'  theories  of  cell  stability.  These  variations 
lie  primarily  in  the  assumed  distribution  of  interlock  frictional  resis- 
tance. The  designer  should  be  aware  of  these  variations  in  assumptions 
and  take  note  of  their  effect  on  the  calculated  stability  factors  of 
safety.  Aside  from  the  considerations  of  tilting,  sliding,  and  over- 
turning, there  are  other  factors  to  be  investigated  which  relate  to  sta- 
bility. Cellular  structures  founded  on  rock  are  commonly  investigated 
fur  adequate  resistance  to  slippage  between  the  cell  fill  and  the  out- 
board sheet  piling.  If  such  a slippage  occurred,  the  outboard  sheets 
would  be  lifted  and  fill  would  spill  from  the  cells.  Sliding  along  weak 
seams  in  the  rock  should  also  be  investigated. 

Cellular  structures  founded  on  overburden  are  commonly  investi- 
gated for:  (a)  adequate  foundation  bearing  capacity,  (b)  pullout  of  the 

outboard  sheet  piling,  and  (c)  adequate  penetration  of  the  inboard  sheet 
piling  to  resist  further  penetration  due  to  the  overturning  moments  ap- 
plied to  the  cells. 

Slippage  between  the  cell 
fill  and  outboard  sheet  piling 

This  analysis  assumes  that  the  full  overturning  moment  is  applied 
to  the  sheet  piles,  which  act  as  a rigid  shell.  The  contact  force  be- 
tween the  piling  and  the  cell  fill  is  computed  considering  loads  acting 
from  outside  the  cell  and  effective  lateral  earth  pressures  within  the 
cell.  The  coefficient  of  friction  between  granular  cell  fill  and  sheet 
piling  will  vary  between  0.2  and  0.U  depending  on  the  fill.  A factor  of 
safety  of  1.25  against  slippage  at  the  cell  fill-sheet  piling  interface 
is  commonly  accepted  as  adequate. 

Sliding  along 

weak  earns  in  the  rock 

Failure  within  the  rock  foundation  is  a possibility  that  must  be 
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considered  in  cofferdam  design.  Sedimentary  rock  formations  frequently 
contain  clay  seams  between  competent  rock  strata.  Sliding  can  take 
place  along  these  seams  where  they  are  exposed  in  excavations  or  where 
they  are  intercepted  by  low  angle  fault  planes.  Adverse  uplift  condi- 
tions are  commonly  associated  with  such  foundation  conditions.  The  ex- 
tent of  open  excavations  in  rock  containing  weak  seams  is  an  important 
consideration.  If  much  of  the  rock  is  left  intact,  stability  becomes 
a three-dimensional  problem  rather  than  two-dimensiona] , as  most  anal- 
yses assume.  The  geometric  arrangement  of  the  cells  then  becomes  impor- 
tant if  the  stability  is  assumed  to  be  a three-dimensional  problem.  The 
cells  of  a cofferdam  for  construction  of  a water  intake  for  Cincinnati 
were  arranged  in  a full  circle  in  recognition  of  this. ^ A cofferdam  of 
this  type  was  recently  designed  in  the  Ohio  River  Division  (ORD)  (Fig- 
ure Y)  to  be  constructed  on  a questionable  clay  foundation.  The  support 
of  each  cell  afforded  by  the  adjacent  cells  was  thus  considered.  Such 
practice,  however,  should  be  followed  with  caution. 

Foundation  bearing  capacity 

The  bearing  capacity  of  granular  foundations  is  generally  good 


where  adequate  penetration  is  provided  and  seepage  forces  are  accounted 
for.  The  bearing  capacity  of  cohesive  foundations  is  dependent  upon  the 
consistency  of  the  clays.  The  bearing  capacities  of  both  cohesive  and 
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noncohesive  soils  are  commonly  computed  using  the  Terzaghi""  curves  and 
equations  for  continuous  footings.  These  curves  are  based  on  an  assumed 
failure  condition  whereby  the  footing  punches  into  the  ground  causing 
passive  blocks  of  earth  to  surface  on  each  side  of  the  footing.  The 
failure  planes  assumed  for  the  development  of  the  Terzaghi  curves  and 
equations  do  not  appear  to  be  as  realistic  as  those  developed  specifi- 
cally for  cellular  structures  by  Brinch  Hansen.  Where  bearing  capacity 
is  investigated,  the  Hansen  Method  of  analysis  is  recommended. 

Pullout  of  outboard  sheet  piling 

This  analysis  is  similar  to  that  for  slippage  between  the  cell 
fill  and  the  outboard  sheet  piling.  The  calculated  overturning  moments 
are  applied  to  the  sheet  piles  which  are  assumed  to  act  as  a rigid  shell. 
Resistance  to  pullout  is  computed  as  the  frictional  forces  or  cohesive 
forces  acting  on  the  embedded  length  of  piling.  A factor  of  safety  be- 
tween 1.25  and  1.50  is  generally  considered  adequate. 

Penetration  of  the 
inboard  sheet  piling 

This  analysis  in  turn  is  similar  to  the  above.  The  exception  is 
that  resistance  to  further  penetration  of  the  inboard  piling  is  checked, 
as  opposed  to  the  pullout  resistance  of  the  outboard  sheets. 


bosign  for  Control  of  Seepage  and  Erosive  Currents 
Control  of  seepage  quantities 

The  quantities  of  seepage  under  cofferdams  founded  in  pervious 
strata  can  be  significant  if  the  piling  does  not  penetrate  the  strata  to 
sufficient  depth.  The  quantity  of  seepage  for  varying  depths  of  penetra- 
tion can  be  computed  from  flow  nets  using  coefficients  of  permeability 
estimated  from  the  grain  size  of  the  pervious  strata.  The  quantity  of 
seepage  is  an  economic  consideration  where  pumping  is  required  to  main- 
tain a dry  area. 


— 
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Control  of  seepage  forces 

Seepage  gradients  can  also  be  determined  by  flow  nets.  These 
gradients  are  required  in  the  determination  of  effective  stresses  in  the 
cell  foundation  and  in  the  stability  berms.  Allowable  bearing  pressures, 
berm  stability,  and  the  computation  of  passive  earth  pressure  are  af- 
fected by  the  seepage  forces. 

Control  of  erosion 

Erosion  of  overburden  through  which  cellular  sheet  pile  structures 
are  driven  is  one  of  the  most  common  sources  of  failure.  The  erosion 
results  in  loss  of  cell  fill  from  either  the  base  of  cells  or  through 
splits  which  occurred  below  grade  during  driving.  The  possibility  of 
erosion  must  be  considered  where  it  exists  and  the  necessary  provisions 
made  during  design  to  control  or  account  for  erosion. 

Design  Criteria 

Corps  of  Engineers 

The  most  recent  criteria  (Figure  8)  is  contained  in  the  draft  of 
EM  1110-2-2906,  "Design  of  Pile  Structures  and  Foundations,"  dated 
16  November  1970.  The  basic  design  considerations  are  as  outlined 
below: 

a.  Maximum  interlock  tension  is  computed  at  the  top  of  rock  or, 
where  overburden  is  present,  at  the  top  of  overburden.  Where 
interior  berms  are  provided,  interlock  tension  will  also  be 
computed  at  top  of  berm.  Investigations  involve  all  possible 
loading  conditions  including  the  cell  fully  saturated.  Active 
earth  pressures  are  used.  A factor  of  safety  of  2.0  is 
required. 

b.  Sliding  at  base  of  cells  is  investigated.  No  required  factor 
of  safety  is  stated. 

c_.  The  factor  of  safety  against  tilting  is  investigated  by  the 

Terzaghi  Method.  Krynine  earth  pressure  coefficients  are  used 
for  the  computation  of  fill  ^shear  resistance.  Interlock  fric- 
tional resistance  is  computed  using  active  earth  pressure  and 
a maximum  interlock  tension  at  the  quarter  height  of  cells  is 
assumed.  Factors  of  safety  of  1.25  and  1.50  are  required  for 
temporary  and  permanent  structures,  respectively. 

d,.  The  factor  of  safety  against  tilting  is  also  investigated  by 
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the  Cummings  Method.  Required  factors  of  safety  and  treatment 
of  interlock  friction  are  the  same  as  for  the  Terzaghi  Method. 

je.  Investigation  of  sliding  below  top  of  rock  is  required. 

X.  The  bearing  capacity  under  cells  founded  on  sand  is  investi- 
gated. Ultimate  bearing  capacity  is  computed  using  the 
Terzaghi  equation  for  continuous  footings.  A factor  of  2.0 
is  required. 

£.  Cells  founded  on  overburden  are  investigated  for  pullout  resis- 
tance of  the  outboard  sheets.  A factor  of  safety  of  1.5  is 
required. 

Tennessee  Va'iley  Authority 

TVA  (Figure  8)  uses  Technical  Monograph  No.  75,  Vol  1,  "Cofferdams 
on  Rock,"  dated  December  1957,*^  as  its  guide  in  designing  cofferdams. 
This  publication  considers  only  temporary  structures  founded  on  rock. 
Design  considerations  are  as  outlined  below: 

a.  Maximum  interlock  tension  is  computed  at  the  quarter  height  of 
cells.  Active  earth  pressure  within  the  cell  is  used  in  this 
determination.  A factor  of  safety  of  2.0  is  required. 

_b.  Sliding  is  investigated  at  top  of  rock.  A factor  of  safety  of 
1.25  is  required. 

£.  The  factor  of  safety  against  tilting  is  investigated  by  the 

Terzaghi  Method.  Krynine  earth  pressure  coefficients  are  used 
for  the  computation  of  fill  shear  resistance.  Interlock  fric- 
tional resistance  is  computed  using  active  earth  pressure  with 
a maximum  interlock  tension  at  the  quarter  height  of  the  cells. 
A factor  of  safety  of  1.25  is  required. 

ti.  Slippage  between  the  cell  fill  and  sheet  piling  is  investi- 
gated. A factor  of  safety  of  1.25  is  required. 


Department  of  the  Navy, 

Naval  Facilities  Command 

The  Naval  Facilities  Command  (Figure  8)  uses  NAVFAC  DM-7,  "Soil 
Mechanics,  F’oundations,  and  Earth  Structures,"  dated  March  1971, 11  for 
its  guide  in  designing  cellular  structures.  Guidance  contained  in  that 
design  memorandum  is  as  follows: 

a.  Maximum  interlock  tension  is  computed  at  the  quarter  height  of 
cells.  A factor  of  safety  of  2.0  is  required  and  Krynine's 
earth  pressure  coefficient  is  used  in  computing  interlock 
tension . 


b.  Sliding  at  base  of  cells  is 
tors  of  safety  are  1.25  for 
permanent  structures. 


investigated.  The  required  fac- 
temporary  structures  and  1.50  for 
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c_.  The  factor  of  safety  against  tilting  is  investigated  by  the 
Terzaghi  Method.  Krynine's  earth  pressure  coefficients  are 
used  for  the  computation  of  fill  shear  resistance.  Interlock 
frictional  resistance  is  also  computed  using  Krynine's  earth 
pressure  and  assuming  a maximum  interlock  tension  at  the  quar- 
ter height  of  cells  founded  on  rock  and  at  the  base  of  cells 
founded  on  overburden.  Required  factors  of  safety  are  1.25 
and  1.50  for  temporary  and  permanent  structures,  respectively. 

d_.  Slippage  between  the  cell  fill  and  sheet  piling  is  investi- 
gated. A factor  of  safety  of  1.30  is  required  for  both  tempo- 
rary and  permanent  structures. 

e..  The  bearing  capacity  under  cells  founded  on  overburden  is  in- 
vestigated. Ultimate  bearing  capacity  is  computed  using  the 
Terzaghi  equation  for  continuous  footings.  The  required  fac- 
tors of  safety,  for  both  temporary  and  permanent  structures, 
are  2.0  for  cells  founded  on  deep  sand,  2.5  for  cells  on  stiff 
to  hard  clay,  and  3.0  for  cells  on  soft  to  medium  stiff  clay. 

_f . The  pullout  resistance  of  the  outboard  sheet  piling  embedded 
in  overburden  is  investigated  for  a required  factor  of  safety 
of  1.5  for  both  temporary  and  permanent  structures. 

£.  The  pile  penetration  required  for  underseepage  control  is 
investigated  using  a flow  net  where  cells  are  founded  in 
overburden. 

Bureau  of  Reclamation 

The  Bureau  of  Reclamation  does  not  have  any  organization  design 
criteria  covering  sheet  pile  structures.  TVA  criteria  are  commonly  used 
by  the  Bureau  of  Reclamation. 

United  States  Steel  Corporation 

The  United  States  Steel  Corporation  (Figure  8)  has  an  excellent 

design  manual  covering  cellular  sheet  pile  structures.  This  manual  en- 

12 

titied  Steel  Sheet  Piling  Design  Manual,"  dated  February  197^,  con- 
tains the  following  design  criteria: 

<1.  The  maximum  interlock  stress  is  computed  at  the  quarter  height 
of  cells  using  active  earth  pressure.  A factor  of  safety  of 
2.0  is  required. 

b.  Sliding  is  investigated  at  base  of  cells.  Required  factors  of 
safety  are  1.25  and  1.50  for  temporary  and  permanent  struc- 
tures, respectively. 

c_.  The  factor  of  safety  against  tilting  is  investigated  by  the 
Terzaghi  Method.  Krynine's  earth  pressure  coefficients  are 
used  for  the  computation  of  cell  fill  shear  resistance.  Fric- 
tional resistance  in  the  interlocks  is  determined  using  active 
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earth  pressure  with  the  maximum  occurring  at  the  quarter 
height  of  the  cells.  Required  factors  of  safety  are  1.25  for 
temporary  structures  and  1.50  for  permanent  structures. 

d_.  The  factor  of  safety  against  tilting  is  also  investigated  by 
the  Cummings  Method.  Required  factors  of  safety  and  treatment 
of  interlock  friction  are  the  same  as  for  the  Terzaghi  Method. 
The  cell  fill,  however,  is  asstimed  to  be  fully  saturated  for 
the  cell  fill  shear  computation.  This  is  intended  to  simplify 
computations . 

Slippage  between  the  cell  fill  and  sheet  piling  is  investi- 
gated for  a required  factor  of  safety  of  1.25  for  temporary 
structures  and  1.50  for  permanent  structures. 

f.  The  bearing  capacity  of  overburden  supporting  cells  is  inves- 
tigated using  the  Terzaghi  equation  for  continuous  footings. 
The  required  factors  of  safety  for  both  temporary  and  perma- 
nent structures  are  2.0  for  cells  founded  on  sand  and  2.50  to 
3.0  for  cells  founded  on  clay. 

£.  The  pullout  resistance  of  outboard  sheet  piling  embedded  in 
overburden  is  investigated  for  a required  factor  of  safety  of 
1.50  for  both  temporary  and  permanent  structures. 

ii.  The  penetration  of  the  inboard  sheet  piling  is  investigated 
for  resistance  to  further  penetration  resulting  from  over- 
turning moments  applied  to  the  cells.  A factor  of  safety  of 
1.50  is  required. 

_i.  The  pile  penetration  required  for  underseepage  control  is 
investigated  using  flow  nets  where  ceils  are  founded  in 
overburden. 

j_.  The  possible  failure  by  rotation  of  the  cells  founded  in  over- 
burden is  investigated  by  the  Hansen  Method. 

Consultants 

Generally,  most  consultants  use  the  criteria  of  the  particular 
agency  by  whom  they  are  employed. 


Computer  Programs  Available  in  the  Corps* 

Buffalo  District 

Cellular  Sheet  Pile  Structure,  Program  No.  13J8F105. 

a.  Abstract. . Designs  cellular  sheet  pile  walls  by  the  Cummings 

Method  to  determine  the  equivalent  width  required  for  a factor 
of  safety  of  1.5  against  tilting.  Computes  bearing  pressure 


* For  capability  of  programs  see  Figure  9. 
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Figure  9.  Programs  - capability 


at  the  top  of  overburden  Jevel.  Determines  the  maximum  cell 
radius  that  can  be  used  without  exceeding  an  allowable  inter- 
lock stress  of  8 kips  per  linear  inch.  Program  can  also  be 
used  to  analyze  a cellular  wall  of  a given  equivalent  width  to 
determine  the  factor  of  safety  against  tilting  by  the  Cummings 
Method.  Cell  fill  and  overburden  may  be  entered  as  a layered 
soil  system.  Loading  may  consist  of  a layered  backfill  with 
a layered  soil  system.  Loading  may  consist  of  a layered  back- 
fill with  a sloping  surface,  wave  forces,  differential  hydro- 
static loads,  cell  fill  surcharge,  and  any  specified  addi- 
tional overturning  moment.  The  sliding  factor  at  the  base  of 
cells  is  computed. 

_b.  Documentation.  The  program  was  written  by  Flex  M.  Alter  while 
with  the  Buffalo  District.  Documentation  furnished  by  the 
Buffalo  District  is  dated  November  1966  with  revisions  dated 
October  1967  and  June  1969.  The  documentation  is  good  with 
regard  to  a description  of  the  input  data  and  information  re- 
quired to  run  the  program.  Lacking  is  a description  of  some 
analytical  techniques  used  in  the  program.  A set  of  manual 
calculations  for  a sample  problem  is  included  but  does  not 
illustrate  techniques  used  for  layered  soil  systems. 

£.  Evaluation  of  technical  content.  Consideration  of  the  over- 
burden and  cell  fill  as  a layered  soil  system  is  a practical 
consideration  and  a good  use  of  the  computer  for  the  solution 
of  a comj lex  problem.  This  problem  is  frequently  oversimpli- 
fied when  subjected  to  manual  computations.  The  techniques 
used  for  the  computation  of  active  and  passive  earth  pressure's 
in  layered  soil  systems  are  not  described  and  cannot  be  eval- 
uated. The  use  of  the  word  "radius"  in  the  documentation  im- 
plies that  interlock  stresses  are  based  upon  a circular-type 
cellular  wall.  The  analysis  performed,  however,  is  not  de- 
scribed and  it  is  not  known  how  cell  spacing  and  geometry  are 
determined  or  accounted  for.  The  program  also  appears  to  con- 
sider only  horizontal  saturation  levels. 

d_.  Recommendations . 'The  documentation  for  this  program  should  be 
improved  so  that  design  assumptions,  analytical  techniques, 
and  program  limitations  can  be  readily  evaluated  by  the  user. 
Subject  to  the  satisfactory  revision  of  the  documentation,  the 
program  should  be  placed  in  the  Waterways  Experiment  Station 
(WES)  library  of  computer  programs.  Consideration  should  be 
given  to  expanding  the  program  to  include  analysis  by  the  other 
commonly  used  methods.  A possible  modification  of  the  program 
to  improve  flexibility  would  be  optional  use  of  sloping  satura- 
tion levels. 

Nashville  District 

Analysis  of  Circular  Cofferdam  and  Mooring  Cell  Founded  on  Rock, 

Program  No.  713-23-190. 
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a_.  Abstract . Analyzes  a given  circular  steel  sheet  pile  coffer- 
dam or  mooring  cell  founded  on  rock,  using  the  methods  pre- 
sented in  U.  S.  Steel's  "Steel  Sheet  Piling  Design  Manual," 
dated  February  197^,  pages  68-77.  One  exception  is  that 
maximum  interlock  tension  is  computed  using  "Krynine's" 
earth  pressure  coefficient  for  the  cell  fill  in  lieu  of  ac- 
tive earth  pressure.  The  program  also  investigates  sliding 
at  the  base  of  cells,  slipping  between  cell  fill  and  sheet 
piling,  vertical  shear  on  the  center  line  of  cells  and  horizon- 
tal shear  within  the  cell  fill. 

_b.  Documentation.  The  program  was  written  by  Walter  Green  and 

Randall  Warren  of  the  Nashville  District.  The  program  is  used 
on  the  District's  G-225  but  is  not  formally  documented.  The 
design  assumptions  and  analytical  techniques,  however,  are 
well  described  in  the  referenced  U.  S.  Steel  Sheet  Piling 
Design  Manual.  Messrs.  Green  and  Warren  have  also  prepared 
annotated  input  data  sheets  which  allow  anyone  familiar  with 
the  design  methods  to  use  the  program. 

£.  Evaluation  of  technical  content.  The  analytical  techniques 
used  appear  to  be  a reasonable  application  of  Terzaghi's  and 
Cummings'  theories  even  though  a number  of  simplifying  assump- 
tions are  made.  The  following  are  assumptions  which  should 
be  noted. 

(1)  The  properties  of  any  overburden  within  the  cells  are  as- 
sumed to  be  the  same  as  those  of  the  cell  fill. 

(2)  The  angle  of  internal  friction  of  the  berm  is  assumed  to 
be  the  same  as  that  of  the  cell  fill. 

(3)  Horizontal  shear  within  the  cell  fill  is  computed  assuming 
that  the  cell  fill  is  fully  saturated  to  the  top  of  cell. 

(U)  The  phreatic  surface  within  the  cell  fill  is  assumed  to  be 
a straight  line  which  originates  at  the  pool  level  on  the 
outboard  sheet  piling. 

d_.  Recommendat ions . The  progr.-im  should  be  documented  in  accor- 
dance with  ETL  lllO-l-k^,  dated  9 February  1971,  and  should  be 
placed  in  the  program  library  maintained  by  the  WES.  Consid- 
eration should  be  given  to  revising  the  horizontal  shear  com- 
putations to  use  the  sloping  phreatic  surface  within  the  cell 
fill  as  described  by  the  input  data.  Consideration  should 
also  be  given  to  revising  the  input  data  to  give  the  user  more 
flexibility  in  selecting  phreatic  surfaces  within  the  cell 
fill. 

Pittsburgh  District 

Cofferdam  Sliding  Stability,  Program  No.  713-2l)-300. 

a.  Abstract . Analyzes  the  sliding  stability  of  cellular  sheet 
pile  cofferdams  founded  on  rock  both  at  top  of  rock  and  at 
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planes  of  weakness  below  top  of  rock.  Differing  failure  mech- 
anisms are  investigated  including  various  block  and  wedge 
analyses  and  sliding  along  horizontal  planes.  The  effects  of 
berms  and/or  open  excavations  are  considered.  Uplift  on  the 
failure  plane  beneath  the  cells  can  be  controlled  by  input 
data.  Uplift  on  the  i'ailure  plane  beyond  the  limits  of  the 
cells  is  controlled  by  program  assumptions.  Factors  of  safety 
against  sliding  are  computed.  Pool  elevation  may  be  incre- 
mented automatically  with  prescribed  changes  in  uplift  so  as 
to  tabulate  factors  of  safety  for  various  pools. 

b.  Documentation.  The  program  was  written  by  Anton  Krysa  of  the 
Pittsburgh  District.  The  program  is  well  documented  and  in- 
cludes sample  manual  computations.  The  program  can  be  used  on 
a G-225  computer. 

c_.  KvaJ-uation  of  technical  content.  The  theory  of  sliding  along 
planes  is  simple  and  the  application  is  straightforward . The 
input  is  variable  so  that  forces  acting  on  the  failure  planes 
can  be  controlled  by  the  program  user.  The  limiting  assump- 
tions of  the  program  are  well  documented.  The  one  limiting 
assumption  which  may  be  objectionable  is  that  the  failure 
plane  for  cross-bed  shear  through  rock  is  set  at  a = (^5° 

- 0/2)  with  the  horizontal.  Where  low  angle  fault  planes  are 
encountered,  these  should  determine  the  failure  plane  to  be 
investigated. 

d,.  Recommendations.  The  program  should  be  revised  to  allow  the 
angle  of  cross-bed  shear  to  be  entered  as  input  where  it  is 
set  by  geologic  conditions.  Subject  to  this  revision,  the 
program  should  be  included  in  the  library  maintained  by  the 
WES. 

New  England  Division 

Cellular  Cofferdam  Design  on  a Rock  Foundation. 

ji.  Abstract.  Analyzes  a cellular  sheet  pile  cofferdam  for 

resistance  to  sliding  and  to  tilting  using  the  'l'erzaghi  and 
Cummings  Methods.  The  maximum  interlock  tension  is  checked 
at  the  top  of  the  rock.  The  procedures  are  basically  as  out- 
lined in  EM  1110-2-2906  Draft,  dated  l6  November  1970.  The 
ceil  loading  is  for  water  loads  only  and  no  berm  is  consid- 
ered. Slippage  between  cell  fill  and  sheet  piling  is  not 
investigated. 

Documentation.  The  design  procedures  are  presented  clearly 
and  sample  output  is  included.  The  program  is  for  a Mathatron 
CS3  programmable  calculator. 

c_.  Evaluation  of  technical  content.  While  limited  in  scope,  the 
technical  content  of  the  program  is  good.  The  use  of  finite 
slices  to  evaluate  horizontal  shear  with  a sloping  phreatic 
surface  is  considered  exceptional  for  a program  of  this  type. 
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J_.  Iv.-umincndntions.  While  the  New  England  Division  program  has 
its  merits,  conversion  of  the  Mathatron  statements  to  FORTRAN 
statements  is  not  considered  warranted. 

Other  governmental  agencies 

None  of  the  major  Federal  agencies  which  would  be  involved  in 
cofferdam  design  or  related  work,  i.e.,  the  TVA,  the  Bureau  of  Rec- 
lamation, or  the  Department  of  the  Navy,  Naval  Facilities  Engineering 
Command,  use  or  have  available  any  computer  program  for  the  design  or 
analysis  of  cellular  sheet  pile  structures. 

Private  industry 

A random  survey  of  several  leading  consulting  engineering  firms 
indicated  that  none  of  them  used  a computer  program  for  the  design  or 
analysis  of  cellular  sheet  pile  structures.  United  States  Steel  does 
have  a program  to  determine  the  geometry  of  circular  type  cellular  struc- 
tures using  bO-deg  extruded  wyes. 

Need  for  New  Programs 

The  programs  available  have  been  written  by  the  individual  offices 
to  meet  their  needs  as  they  saw  them  at  the  time.  As  the  work  in  the 
originating  offices  varies,  there  is  considerable  diversity  in  the  pro- 
grams written.  The  programs  are  generally  very  good  and  have  served 
their  intended  purpose  well.  An  exchange  and  sharing  of  these  programs 
would  be  beneficial  to  all  involved.  Improved  design  capability  would 
be  a direct  result  of  this  interchange. 

In  evaluating  the  need  for  new  programs,  it  would  be  well  to  re- 
examine the  analyses  performed  by  the  available  programs.  The  Pitts- 
burgh District  program  deals  exclusively  with  sliding  in  rock.  This  is 
a unique  problem  worthy  of  the  special  program  written  to  deal  with  the 
problem.  Where  such  a problem  exists,  this  program  should  be  used.  It 
is  not  recommended  that  this  program  be  combined  or  used  in  part  with 
any  other  program. 

The  Nashville  District  program  deals  exclusively  with  structures 
founded  on  rock.  All  of  the  analyses  required  are  performed.  The 


program,  however,  lacks  the  versatility  of  loading  offered  by  the  Buffalo 
District  program.  The  program  also  lacks  some  of  the  refinements  in 
analytical  techniques  offered  by  the  New  England  Division  program.  In 
short,  with  some  modifications,  the  Nashville  District  program  could  be 
made  into  a suitable  program  for  any  cellular  structure  founded  on  rock. 

While  the  Buffalo  District  program  can  be  used  for  cellular  struc- 
tures in  overburden,  it  does  not  perform  all  of  the  analyses  normally 
required.  With  the  addition  of  alternate  methods  of  analyzing  stability 
and  determining  the  depth  of  pile  penetration  required,  this  program 
would  be  ideally  suited  to  the  design  of  cellular  structures  founded  in 
overburden.  Thus  it  would  appear  that  with  some  modification,  the  exist- 
ing programs  available  should  satisfy  the  needs  of  the  Corps  of 
Engineers. 

Cone lusions 

While  the  theories  of  analysis  of  cellular  structures  are  quite 
divergent,  they  can  still  be  used  to  establish  the  reasonable  limits  of 
good  design.  Where  computers  are  used  in  the  application  of  these 
theories,  it  is  important  that  the  programs  be  well  documented.  With 
some  modifications,  the  Corps  of  Engineers  has  three  computer  programs 
which  can  be  used  as  a sound  basis  for  the  design  of  cellular  sheet  pile 
structures . 

Discussions  on  Paper 

Four  recommendations  were  made  following  presentations  of  the 
paper.  These  are  discussed  below. 

ti.  Change  the  Pittsburgh  District  program  to  compute  safety  fac- 
tors for  sliding  along  inclined  planes  in  rock.  This  refine- 
ment could  and  probably  should  be  made  to  the  program. 

b.  Revise  programs  to  perform  design  functions  as  opposed  to  anal- 
ysis. This  is  not  considered  warranted  for  the  Pittsburgh  Dis- 
trict program.  The  Buffalo  District  program  already  contains 
this  capability  with  respect  to  the  Cummings  Method.  The 
suggestion  is  still  worthwhile  for  the  Nashville  District 
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program.  The  program,  however,  should  be  flexible  enough  to 
allow  the  designer  to  select  the  method  used  for  design  and 
those  used  as  check  analyses. 

£•  Include  program  or  programs  as  an  appendix  to  EM  1110-2-2906. 
This  would  be  appropriate. 

d_.  Rename  programs  with  names  descriptive  of  what  the  programs  do. 
While  it  is  desirable  to  have  appropriate  names,  the  descrip- 
tion of  what  the  programs  do  can  more  appropriately  be  covered 
in  the  abstract,  which  is  also  generally  brief. 
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